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Fc receptors on leukocytes mediate internalization of
antibody-containing complexes. Soluble immune com-
plexes are taken up by endocytosis, while large
antibody-opsonized particles are internalized by
phagocytosis. We investigated the role of ubiquityl-
ation in internalization of the human FcyRIIA receptor
by endocytosis and phagocytosis. A fusion of FcyRIIA
to green fluorescent protein (GFP) was expressed in
ts20 cells, which bear a temperature-sensitive muta-
tion in the E1 ubiquitin-activating enzyme. Uptake of
soluble IgG complexes mediated by FcYRIIA-GFP
was blocked by incubation at the restrictive tempera-
ture, indicating that endocytosis requires ubiquityl-
ation. In contrast, phagocytosis and phagosomal
maturation were largely unaffected when ubiquityl-
ation was impaired. FcyRIIA-GFP was ubiquitylated
in response to receptor cross-linking. Elimination of
the lysine residues present in the cytoplasmic domain
of FcyRIIA impaired endocytosis, but not phagocytosis.
The proteasomal inhibitor clasto-lactacystin B-lactone
strongly inhibited endocytosis, but did not affect pha-
gocytosis. These studies demonstrate a role for ubiqui-
tylation in the endocytosis of immune receptors, and
reveal fundamental differences in the mechanisms
underlying internalization of a single receptor depend-
ing on the size or multiplicity of the ligand complex.
Keywords: antigen presentation/clathrin/phagosome
maturation/ts20 cells/ubiquitin

Introduction

Receptors that recognize the Fc portion of antibodies
(FcRs) are expressed on virtually all cells of the immune
system. Upon interaction with polyvalent antibody—
antigen complexes, these receptors trigger a variety of
responses in leukocytes, including the release of inflam-
matory mediators, degranulation, antibody-dependent cel-
lular cytotoxicity and activation of the respiratory burst
(Daeron, 1997). A further important function of FcRs is
the internalization of antibody-containing complexes.
FcRs mediate the uptake of soluble immune complexes
by clathrin-dependent endocytosis (Ukkonen et al., 1986).
In addition, FcRs are responsible for the phagocytosis of
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antibody-coated particles by macrophages and neutro-
phils. Endocytosis and phagocytosis mediated by FcRs are
crucial for clearance of immune complexes from the
circulation, for efficient antigen presentation and for
killing of pathogens.

Both phagocytosis and endocytosis are initiated by
cross-linking of FcRs by multivalent ligands. Recent work
suggests that endocytosis and phagocytosis make use of
several common protein components, including amphi-
physin II and dynamin II (Gold et al., 1999, 2000).
Moreover, phagosomes and endocytic vesicles undergo
similar maturation processes after internalization, pro-
gressively acquiring markers of early and late endosomes,
and subsequently of lysosomes (Tjelle er al., 2000).
Despite these similarities, however, there are fundamental
differences between endocytosis and phagocytosis. Most
notably, the former process is dependent on clathrin, while
the latter depends on the localized assembly of F-actin
structures at sites of particle uptake. The molecular events
underlying phagocytosis and endocytosis by FcRs and the
extent to which they overlap remain incompletely under-
stood. In particular, it is not clear how cross-linking of a
single receptor can lead to two mechanistically distinct
outcomes, endocytosis or phagocytosis, depending on the
size of the cross-linking agent.

A complex array of proteins is involved in initiating and
regulating endocytosis via clathrin-coated pits (Schmid,
1997). It has become appreciated that ubiquitylation can
play a role in this process in both yeast and mammalian
cells. It has long been understood that conjugation of the
79 amino acid polypeptide ubiquitin to cytoplasmic
proteins can target them for degradation by the 26S
proteasome (Pickart, 2000). More recently, however, it has
been realized that ubiquitylation can also function as a
signal for internalization and/or targeting of plasma
membrane proteins to the endo-lysosomal pathway
(Hicke, 1999; Strous and Govers, 1999). In mammalian
cells, ubiquitylation has been implicated in the internaliza-
tion and/or down-regulation of several plasma membrane
proteins, including the epithelial sodium channel ENaC
(Staub et al., 1997), the growth hormone receptor (GHR)
(Strous et al., 1996), the epidermal growth factor receptor
(EGFR) (Levkowitz et al., 1998) and the colony-stimu-
lating factor 1 receptor (Lee et al., 1999). Upon cross-
linking, these receptors activate signal transduction path-
ways involving tyrosine phosphorylation.

Because signaling via FcRs similarly involves tyrosine
phosphorylation, we sought to define whether ubiquityla-
tion is involved in the initiation of endocytosis and
phagocytosis by these receptors. No specific pharmaco-
logical means are available at present to block ubiquityla-
tion; however, an alternative approach to investigating the
role of ubiquitylation is provided by the ts20 cell line. ts20
is a Chinese hamster cell line that carries a temperature-
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sensitive mutation in the E1 ubiquitin-activating enzyme,
the first step in the ubiquitylation cascade (Kulka et al.,
1988). Incubation of cells at temperatures above 40°C
results in loss of El activity and a consequent block in
ubiquitylation. These cells have proven useful in other
studies of receptor endocytosis (Strous et al., 1996).
Unfortunately, ts20 cells lack endogenous FcRs and are
not normally phagocytic. However, we and others have
shown previously that heterologous transfection of FcRs
can confer phagocytic capacity on non-phagocytic cell
types (e.g. Downey et al., 1999). The human FcyRIIA
receptor is particularly convenient in this regard. FcyRIIA
is unique among the FcRs in that ligand-binding and
signaling domains are contained within a single polypep-
tide chain, which includes within its cytoplasmic domain
an immunoreceptor tyrosine activation motif (ITAM)
important for phagocytic signaling. In contrast, signaling
by the ligand-binding o-subunits of FcyRI and FcyRIITA
requires non-covalent association with separate ITAM-
containing FcR y-subunits. Importantly, expression of
FcyRIIA on its own without accessory proteins suffices to
allow both endocytosis of soluble immune complexes and
phagocytosis of opsonized particles (Indik et al., 1991;
Odin et al., 1991). By following the internalization of
FcyRITA expressed in ts20 cells, we have determined that
ubiquitylation is required for endocytosis, but not for
phagocytosis mediated by this immunoreceptor.

Results

Fc)RIIA-GFP mediates phagocytosis and
endocytosis when expressed in ts20 cells
ts20 cells were transfected with human FcyRIIA conju-
gated to the green fluorescent protein (GFP) to facilitate its
detection. Like the endogenous FcRs of myeloid cells,
FcyYRIIA-GFP was largely targeted to the plasma mem-
brane in ts20 cells, with a small fraction in an intracellular
juxtanuclear compartment, probably recycling endosomes
(Figure 1A). While ts20 cells are not normally phagocytic,
transfection with FcyRIIA-GFP conferred on them the
ability to internalize IgG-coated sheep red blood cells
(SRBCs) efficiently (Figure 1C and D). The receptor
accumulated at sites of SRBC binding and was inter-
nalized with the particles, leading to its concentration in
the membrane of phagosomes (Figure 1C).
FcyRIIA-GFP also supported receptor-mediated endo-
cytosis of soluble IgG complexes (Figure 2). Upon
addition of heat-aggregated human IgG (ag-IgG) to ts20
cells expressing FcyRIIA-GFP, the receptor was inter-
nalized and acquired a punctate, perinuclear localization
(Figure 2A). Detection of the ag-IgG with fluorescently
labeled secondary antibody revealed complete co-local-
ization with the FcYRITA—-GFP, indicating that the receptor
and its ligand remained associated after internalization
(Figure 2B). To confirm that the punctate fluorescence
observed truly represents receptor in internal vesicles
and not simply receptor clustering on the cell surface,
we verified that cell permeabilization was required for
the secondary antibody to gain access to the
internalized ag-IgG (not shown). Moreover, FcyRIIA—
GFP-containing vesicles acquire the late endosomal/
lysosomal marker LAMP-1 (Figure 2C and D), indicating
that these endosomes undergo maturation/progression.
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Fig. 1. FcyRIIA-GFP mediates phagocytosis in ts20 cells. GFP
fluorescence was visualized in living ts20 cells expressing
FcyRIIA-GFP. (A) Fluorescence of cells with no addition of particles.
(C) Fluorescence of cells incubated with IgG-coated fixed SRBCs for
30 min at 37°C. (B and D) Corresponding DIC images. Bar = 8 um.

Accordingly, we also found that the receptors underwent
degradation following internalization (Figure 2G), pre-
sumably as a result of routing to the lysosomal compart-
ment. The latter observation recapitulates the behavior of
the FcRs of mouse macrophages, which undergo lysoso-
mal degradation following internalization of immune
complexes (Ukkonen et al., 1986).

The ubiquitin conjugation machinery is required
for endocytosis

ts20 cells expressing FcYRIIA-GFP were then incubated at
42°C to inactivate the E1 enzyme. The temperature shift
did not significantly alter the plasma membrane localiza-
tion of FcYRIIA-GFP (not shown). However, pre-incuba-
tion of the cells at 42°C blocked internalization of the
receptor in response to addition of ag-IgG (Figure 2E).
Detection of the ag-IgG with secondary antibody revealed
that its internalization was likewise inhibited, but that
binding to the receptor was unaffected (Figure 2F). It is
noteworthy that while incubation with ag-IgG did not lead
to receptor internalization, it did result in the receptor
assuming a non-homogeneous distribution in the plasma
membrane with concentration at cell-cell interfaces,
presumably reflecting receptor clustering.

To obtain a quantitative measure of internalization, we
used an alternative method for inducing endocytosis.
Monoclonal anti-FcyRII antibody was first allowed to bind
to the receptors, which were then cross-linked with goat
anti-mouse secondary antibody. Disappearance of the
secondary antibody from the cell surface due to inter-
nalization was quantified using a Cy5-conjugated anti-goat
antibody and flow cytometry (Figure 2H). Using this
method, we determined that 70 = 5% of the IgG—receptor
complexes were internalized after 30 min of cross-linking
at 37°C. In contrast, after pre-incubation of cells at 42°C,



Fig. 2. Endocytosis of FcyRIIA-GFP in ts20 cells is blocked by
temperature shift. ts20 cells expressing FCYRIIA-GFP were incubated
with ag-IgG without (A-D) or with (E and F) prior incubation for

1.75 h at 42°C. (A, C and E) Distribution of FcyRIIA-GFP. (B and

F) Distribution of ag-IgG detected with Cy3-anti-human antibody.

(D) Distribution of LAMP-1 by immunofluorescence in the same cells
as (C). Incubation with ag-IgG was at 37°C for 40 min (A, B, E and F)
or 80 min (C and D). Bar = 8 um. (G) ts20 cells expressing
FcyRIIA-GFP were incubated with ag-IgG for 0, 40, 90 or 180 min,
then total cell lysates were prepared and analyzed by western blotting
with anti-GFP antibodies. The arrow marks the position of
FcyRITA-GFP; the lower band is a non-specific background band.

(H) Cells were pre-incubated at 37°C (solid bar) or 42°C (hatched bar)
for 1-1.75 h, then endocytosis was analyzed by flow cytometry. Bars
indicate internalization of cross-linking antibody as a percentage of
initial amount bound (n = 4 experiments, =SE). Inset: Cy5
fluorescence curves from an individual experiment. Abscissa: relative
fluorescence intensity (log scale). Ordinate: number of cells. Curve 1,
background (no anti-FcyRII antibody); curve 2, post-cross-linking, cells
pre-incubated at 37°C; curve 3, post-cross-linking, cells pre-incubated
at 42°C; curve 4, no internalization (cross-linking at 4°C).

only 13 * 4% was internalized under the same conditions
(Figure 2H).

In order to confirm that the effect of incubation at 42°C
on endocytosis was due to the mutation in E1 and not to a
non-specific effect of temperature, FcYRITA—GFP was also
transfected into E36 cells, the cell line from which the ts20

Ubiquitylation in FcyRIIA internalization

mutant line was derived. Unlike in ts20 cells, the El1
enzyme in E36 cells remains functional at 42°C. As in ts20
cells, FcyRITA-GFP in E36 cells localized primarily to the
plasma membrane (Figure 3A), and was internalized
effectively in response to ag-IgG (Figure 3B). This
internalization proceeded unimpaired after pre-incubation
at 42°C (Figure 3C). Thus, the block in endocytosis in ts20
cells was due specifically to the temperature-induced
defect in the ubiquitin conjugation machinery. Blocking
ubiquitylation did not cause a general block in receptor-
mediated endocytosis, as uptake of rhodamine-labeled
transferrin proceeded normally after temperature shift
(data not shown; see also Strous et al., 1996). To rule out
the possibility that introduction of the GFP moiety was
somehow the cause of the ubiquitin dependence of
endocytosis, we also measured endocytosis in ts20 cells
transfected with FcyRIIA carrying a small (27 amino acid)
myc/Hisg epitope tag (FcyRIIA-MH). Endocytosis of
FcyRIIA-MH was also blocked by incubation at 42°C
(not illustrated).

The ubiquitin conjugation machinery is not
required for phagocytosis

ts20 cells expressing FcyRIIA-GFP were incubated with
IgG-opsonized SRBCs after pre-incubation at 42°C to
determine whether phagocytosis also depended on ubiqui-
tylation. Notably, in contrast to what we observed for
endocytosis under the same conditions, phagocytosis was
not blocked upon inactivation of E1 (Figure 4B). When
unfixed SRBCs were used as targets in phagocytosis
assays, we observed no difference in phagocytic efficiency
after pre-incubation of cells at 42°C (110 = 3% of control;
n = 3). When fixed SRBCs were used (which results in a
higher overall level of phagocytosis), the phagocytic index
showed a moderate decrease after temperature shift
(75 = 2% of control; n = 3).

After particles are internalized, the phagosome under-
goes a maturation process, fusing with early and late
endosomes and eventually forming a phagolysosome. It
has recently become appreciated that ubiquitylation is
involved not only in the internalization of membrane
proteins, but also in their intracellular trafficking (Hicke,
2001). Hence, while ubiquitylation did not appear to be
necessary for particle internalization, we considered the
possibility that it might be required for phagosomal
maturation. The acquisition by phagosomes of the late
endosome/lysosomal marker LAMP-1 was used as a
measure of their maturation (Figure 4C and D).
Quantification of LAMP-1 acquisition after pre-incubation
of cells at 42°C revealed no difference from control cells
(LAMP-1 acquisition as a percentage of control =
108 = 8%, n = 4). Thus, ubiquitylation does not appear
to be essential for either phagocytosis or phagosomal
maturation.

Ubiquitylation of FcyRIIA-GFP

The inhibition of FcyRIIA-GFP endocytosis upon inacti-
vation of El implied a requirement for ubiquitylation.
This prompted us to investigate whether FcyRIIA-GFP
itself becomes ubiquitylated upon receptor cross-linking.
Analysis of the electrophoretic mobility of FcyRIIA-GFP
in whole-cell lysates revealed that following cross-linking
with ag-IgG, a fraction of the receptors displayed
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Fig. 3. Endocytosis of FcYRIIA-GFP in E36 cells. (A) Fluorescence of E36 cells expressing FcYRIIA-GFP prior to addition of ag-IgG. (B and C) Cells
were incubated with ag-IgG for 40 min without (B) or with (C) pre-incubation for 1.75 h at 42°C. Representative of five experiments. Bar = 8 pm.

Fig. 4. Phagocytosis via FcyRITA-GFP in ts20 cells is not blocked by
temperature shift. ts20 cells expressing FcyRIIA-GFP were incubated
for 45 min with opsonized SRBCs after pre-incubation for 1.75 h at
37°C (A and C) or 42°C (B and D). (A and B) Distribution of
FcyRIIA-GFP. (C and D) Localization of LAMP-1 in corresponding
cells. Bar = 8 um.

increased apparent molecular weight on SDS-PAGE
(Figure 5A, lanes 2 and 3). The appearance of these high
molecular weight forms was abolished by pre-incubation
of cells at 42°C (Figure 5A, lane 4). These observations are
consistent with conjugation of the receptors with one or
more ubiquitin moieties. Only a small fraction of the total
expressed receptor appears to be ubiquitylated, as was
previously seen for the ubiquitylation of the GHR (Strous
et al., 1996). As in that case, this may be attributed to
several possible factors: (i) the ubiquitylation may be very
short lived during endocytosis; (ii) the binding of ag-IgG
to the cell surface is not perfectly synchronized; and
(iii) extensive cellular deubiquitylation activity may lead
to loss of ubiquitylation during lysate preparation.

To confirm that the molecular weight shift of the
receptor reflected ubiquitylation, the cells were transfected
with a vector encoding a hemagglutinin (HA)-tagged form
of ubiquitin (Treier et al., 1994). FcyRIIA-GFP was cross-
linked with ag-IgG, and cell lysates were prepared under
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Fig. 5. FcyRIIA-GFP is ubiquitylated upon receptor aggregation.

(A) Total cell lysates were analyzed by SDS-PAGE and
immunoblotting with polyclonal anti-GFP antibody. Lane 2: cells
stably transfected with FcyRIIA—GFP and transiently transfected with
HA-ubiquitin were incubated with ag-IgG at 37°C for 10 min before
preparation of lysates. Conditions for other lanes were the same as for
lane 2, with the following exceptions: lane 1, no addition of ag-IgG;
lane 3, no transfection with HA-ubiquitin; lane 4, cells were
pre-incubated at 42°C for 1.75 h before addition of ag-IgG;

lane 5, no transfection with FcyRIIA-GFP. (B) FcyRIIA-GFP was
immunoprecipitated from the lysates used in (A) with mouse anti-GFP
and was analyzed by SDS-PAGE and immunoblotting with anti-HA.
Lanes correspond to those in (A). (C) The blot from (B) was reprobed
with rabbit anti-GFP antibody to compare total amounts of receptor
loaded. The position of the 66 kDa marker is indicated by a filled
arrowhead on each blot. The brackets indicate the region in which
polyubiquitylated forms of FcyRIIA-GFP migrate. The open arrow
indicates the immunoprecipitating antibody. The band seen at the
position of the 66 kDa marker in (B) is present in all lanes and thus
reflects non-specific binding of antibodies.

denaturing conditions. The receptors were then immuno-
precipitated from these lysates using a monoclonal anti-
GFP antibody, and the immunoprecipitates were analyzed
by SDS—-PAGE followed by western blotting with anti-HA
to detect receptor-associated ubiquitin (Figure 5B). A high
molecular weight smear corresponding to polyubiquityl-
ated receptor was observed (lane 2). Its appearance was
induced by the addition of ag-IgG (lane 2 versus lane 1),
was abrogated by pre-incubation of the cells at 42°C
(lane 4) and was absent in cells not transfected with



Fig. 6. FcyRIIA/SKR is deficient in endocytosis, but not in
phagocytosis. (A) Fluorescence of ts20 cells expressing FcyRIIA/
5KR-GFP. (B and C) Fluorescence after incubation for 40 min at 37°C
with ag-I1gG (B) or IgG-coated fixed SRBCs (C). Images in (A) and (B)
were acquired with identical gain settings on the confocal microscope.
(D) Distribution of LAMP-1 in the same cells as (C). Images reflect at
least four experiments. Bar = 8 um.

FcyRIIA-GFP (lane 5) or with HA-ubiquitin (lane 3). Note
that in cells not transfected with HA-ubiquitin, high
molecular weight receptor bands are nevertheless ob-
served with anti-GFP due to conjugation of endogenous
ubiquitin, as expected (Figure 5A, lane 3).

Cytoplasmic lysine residues of Fc)RIIA are
important for endocytosis, but not phagocytosis
Ubiquitin is covalently attached to lysine residues of target
proteins, and five such lysines are present in the cytosolic
tail of FcyRIIA. To investigate the role of ubiquitylation of
the receptor during endocytosis, a mutant receptor in
which all five cytoplasmic lysines of FcyRIIA were
substituted with arginine (FcyRIIA/SKR-GFP) was ex-
pressed in ts20 cells. Analysis of receptor migration by
SDS-PAGE revealed, interestingly, that some ubiquityla-
tion nevertheless still occurred in response to ag-IgG,
albeit less than that observed for wild-type FcyRIIA-GFP,
as judged by a smaller molecular weight shift (not shown).
This observation implies that some attachment of ubiquitin
must be directed to lysine residues in the attached GFP
protein. We proceeded to test whether the presence of the
five endogenous lysines of FcyRIIA is important for
endocytosis by comparing uptake of ag-IgG by FcyRIIA/
SKR-GFP with that observed with wild-type
FcyRITA-GFP. After addition of ag-IgG, relatively little
FcyRIIA/SKR-GFP was observed in perinuclear vesicles.
Instead, receptor aggregation led to its accumulation at
areas of cell-cell contact, as was seen when cells
expressing the wild-type receptor were incubated at the
non-permissive temperature (Figure 6B, compare with
6A). When assayed by flow cytometry, the initial rate of
endocytosis of FcyRIIA/SKR-GFP was markedly inhib-
ited. Internalization of FcyRIIA/SKR-GFP measured
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Fig. 7. Inhibition of the proteasome impairs endocytosis, but not
phagocytosis. (A and B) ts20 cells expressing FcyRIIA-MH were
incubated with DMSO vehicle (A) or 20 uM clasto-lactacystin
B-lactone (B) for 1 h, then ag-IgG was added for 40 min to induce
endocytosis. Ag-IgG was detected with Cy3-anti-human secondary
antibody after cell permeabilization. (C) The kinetics of endocytosis of
immune complexes via FCYRIIA-GFP were analyzed by flow
cytometry in cells pre-treated for 1 h with DMSO (control; solid
squares) or 20 UM clasto-lactacystin B-lactone (open circles). Values
are the means of two experiments. (D) Cells were pre-incubated with
20 UM clasto-lactacystin B-lactone (lact.) for 1 h or with 10 pM
cytochalasin D (cyt. D) for 10 min. Inhibitors were also present during
the uptake assays, except for clasto-lactacystin B-lactone during
endocytosis. Endocytosis (solid bars) and phagocytosis (hatched bars)
were assayed for 30 min at 37°C by flow cytometry or by scoring
phagocytic index. Levels are expressed as a percentage of control
(DMSO vehicle alone) and reflect means of two experiments.

during the first 10 min of uptake was only 12 * 3% of
wild type (mean = SE; n = 3.). At later times, however,
endocytosis proceeded, such that, after 30 min, inter-
nalization of the mutant receptor was comparable to the
wild-type control (not shown). This indicates that the
endogenous lysines of FcyYRIIA are necessary for optimal
endocytosis, but are not strictly required for this process to
occur.

In contrast to the deficiencies observed in endocytosis,
FcyRIIA/SKR-GFP effectively supported phagocytosis
(Figure 6C). Internalization of SRBCs proceeded with
equal efficiency to that observed with the wild-type
receptor (phagocytic index as a percentage of wild type
=96 * 6%, n = 3). Phagosomes formed in cells expressing
FcyRIIA/5KR also acquired LAMP-1 (Figure 6D). These
results are consistent with the conclusion reached earlier
that ubiquitylation is not required for either phagocytosis
or phagosome maturation.

Inhibition of the proteasome blocks endocytosis,
but not phagocytosis

It has been shown that proteasome inhibitors impair
endocytosis and/or intracellular trafficking of several
surface receptors (van Kerkhof et al., 2000, 2001; Rocca
et al., 2001). To test whether this is the case for FcyRIIA,
we measured endocytosis in the presence of the specific
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proteasomal inhibitor clasto-lactacystin (3-lactone. Uptake
of ag-IgG was largely blocked in the presence of 20 uM
inhibitor (Figure 7A and B). Analysis of endocytosis by
flow cytometry confirmed this strong inhibitory effect
(Figure 7C). Phagocytosis, however, was unaffected by
clasto-lactacystin [-lactone treatment under the same
conditions (Figure 7D). Conversely, treatment with
10 uM cytochalasin D to disrupt the actin cytoskeleton
had only a moderate inhibitory effect on endocytosis,
while leading to phagocytosis being completely abolished
(Figure 7D), again highlighting distinct requirements for
the two internalization processes.

Discussion

This work provides the first indication that ubiquitylation
is important in the internalization of an immune receptor.
Our results in ts20 cells indicate that an active ubiquitin
conjugation system is required for endocytosis of
FcyRIIA. Biochemical analysis reveals that the receptor
itself is ubiquitylated in response to aggregation, and the
effects of mutation of cytoplasmic lysines in the receptor
suggest that this ubiquitylation is involved in receptor
endocytosis.

It has been observed previously that subunits of the
T-cell receptor become ubiquitylated in response to CD3
cross-linking (Cenciarelli et al., 1996). There is also
evidence that the FcR y-chain is ubiquitylated in response
to cross-linking of its associated FceRI or FcyRI o-chains
(Paolini and Kinet, 1993; Duchemin et al., 1994; Lafont
and Simons, 2001). However, the functional significance
of ubiquitylation in these cases was not studied. Our
results suggest that the ligand-induced ubiquitylation
associated with these other ITAM-containing immune
receptors may also be required for their endocytosis.
Receptor-mediated endocytosis of immune complexes is
important for efficient presentation of extracellular anti-
gens to the adaptive immune system (Lanzavecchia,
1990). Thus, it appears that ubiquitylation may play two
distinct roles in antigen presentation. On the one hand,
ubiquitylation is required to target cytosolic proteins to the
proteasome for degradation, generating peptides that are
presented on class I major histocompatibility complex
(MHC) molecules (Rock and Goldberg, 1999). Ubiquity-
lation also appears to be required for efficient endocytosis
by FcRs of extracellular antigens to enable their process-
ing in endosomes and loading and presentation on class II
MHC molecules.

Ubiquitylation functions at multiple subcellular loca-
tions to effect down-regulation of membrane proteins
(Hicke, 2001). It can function during endocytosis of
proteins from the plasma membrane, but has also been
implicated in intracellular sorting of membrane proteins
into multivesicular bodies (Katzmann et al., 2001;
Reggiori and Pelham, 2001). For FcyRIIA, it appears
that ubiquitylation is required during the endocytosis step,
since neither the receptor nor its bound ligand are
internalized in the absence of ubiquitylation. However, it
cannot be excluded that in the absence of ubiquitylation,
FcyRIIA is still internalized, but is recycled rapidly to the
plasma membrane without release of its ligand, resulting
in no net internalization of either receptor or ligand. It is
also possible that ubiquitylation is involved both in the

256

endocytosis of FcyRIIA and in the subsequent maturation
of FcyRIIA-containing endosomes; the requirement for
ubiquitylation in the early endocytic step clearly will
complicate the analysis of any role it may have at
subsequent stages.

Inhibitors of proteasome function have been shown to
inhibit endocytosis of FcyRIIA (this study) and the GHR
(van Kerkhof et al., 2000). Proteasomal inhibitors also
impair the intracellular targeting of the GHR and the
interleukin-2 receptor to late endosomes (Rocca et al.,
2001; van Kerkhof et al., 2001). Moreover, they have been
noted to inhibit the degradation of a number of other
surface receptors. While direct degradation of these
receptors by the proteasome was initially invoked, the
data may instead reflect defects in receptor trafficking to
late endosomes. What are the substrates of proteasomal
degradation that influence endocytosis and intracellular
sorting? One possibility is that a negative regulatory
component of the endocytic or sorting machinery must be
removed via proteasomal degradation. Another possibility
is that the effect of inhibiting the proteasome is indirect.
Inhibition of the proteasome may cause depletion of
cellular levels of free ubiquitin, thereby leading to
defects in ubiquitin-dependent endocytosis and sorting
(van Kerkhof ef al., 2001).

While mutation of the endogenous lysines of FcyRIIA
inhibited the initial rate, endocytosis did proceed at longer
times. Also, the fraction of FcyRIIA-GFP that was
recovered in ubiquitylated form in lysates was low. This
may largely reflect loss of ubiquitin during lysate prepar-
ation. Alternatively, these results together may indicate
that stoichiometric ubiquitylation of the receptor itself is
not essential for uptake, and that ubiquitylation of other
associated proteins or components of the endocytic
machinery can suffice to allow endocytosis. Studies on
the endocytosis of the GHR in mammalian cells (Govers
et al., 1999) and of a Ste2p—ubiquitin chimera in yeast
(Dunn and Hicke, 2001) have indicated that, in both cases,
ubiquitylation of proteins distinct from the receptors
themselves is involved during endocytosis.

Ubiquitylation of target proteins generally involves
specific recognition by ubiquitin-conjugating (E2) and/or
ubiquitin-ligating (E3) enzymes (Rotin ef al., 2000). What
E2 and/or E3 enzymes are involved in the ubiquitylation
required for FcYRIIA endocytosis is an open question, but
candidate E3 enzymes include the proto-oncoprotein Cbl
and its relatives. Cbl is a negative regulator of immune
signaling that becomes tyrosine phosphorylated in re-
sponse to cross-linking of several immune receptors,
including FcyRIIA (Izadi et al., 1998; Saci et al., 1999).
Cbl has been shown recently to possess ubiquitin ligase
activity, and it induces ubiquitylation of the EGFR via the
E3 activity of its RING finger domain, causing EGFR
down-regulation (Levkowitz et al., 1999). One might
envisage complementary roles for Cbl and Syk. The
former would induce ubiquitylation and endocyetosis,
while Syk kinase, which itself is negatively regulated by
Cbl, would mediate phagocytosis (Ota and Samelson,
1997). The balance between these activities may deter-
mine whether endocytosis or phagocytosis ensues.

Our results indicate that a dependence on ubiquitylation
is a characteristic of endocytosis of soluble ligands by
FcyRIIA, but not of phagocytosis of particles by the same



receptor. In both cases, internalization is initiated by an
equivalent signal, namely receptor aggregation. The
differences observed between endocytosis and phagocy-
tosis imply that aggregating a large number of receptors
can lead to a qualitatively different outcome from that
which occurs using a smaller number of the same
receptors. If the fundamental signaling unit in both cases
is a receptor dimer or other low-order oligomer (as, for
example, a transphosphorylation model would imply), the
cell must have some means of integrating signals gener-
ated by many such units in order to trigger phagocytosis-
specific events such as actin cup formation. Perhaps the
local concentration of activated kinases such as Syk must
reach some threshold to initiate phagocytosis. The differ-
ences between endocytosis and phagocytosis also raise the
converse question: is endocytosis-specific machinery
excluded or inactive during phagocytosis, or is the
phagocytic machinery simply overlaid on top of a
frustrated attempt by the cells to endocytose opsonized
particles that are too large for clathrin-coated pits to effect
internalization? The observation that clathrin does accu-
mulate at sites of phagocytosis suggests that elements of
the endocytic machinery may indeed still be recruited
during phagocytosis (Aggeler and Werb, 1982). Even if
these endocytic components do not function in the particle
internalization step, they may play a role in initiating
vesicle budding to remove proteins from the phagosomal
membrane during phagosome maturation. Additional
experiments will be required to resolve these alternatives.

Materials and methods

Reagents and antibodies

Fetal bovine serum and o-modified Earle’s medium (MEM) were from
Wisent (St Bruno, QC). G418 was from Mediatech (Hernden, VA).
Mounting medium for fluorescence microscopy was from DAKO. Anti-
HA monoclonal antibody was from BabCo. Rabbit anti-GFP and
Alexa350 anti-rabbit antibodies were from Molecular Probes. Mouse
anti-GFP was from Santa Cruz Biotechnology. SRBCs and rabbit anti-
SRBC antibody were from ICN Biomedicals. Latex beads were from
Bangs Beads. Cy3- and Cy5-conjugated secondary antibodies were from
Jackson Immunoresearch Laboratories. Horseradish peroxidase (HRP)-
conjugated secondary antibodies and Ultralink-immobilized protein G
were from Pierce. Anti-hamster LAMP-1 antibody UH-1 was from the
Development Studies Hybridoma Bank (University of Iowa). Goat anti-
mouse F(ab’), was from Kierkegaard and Perry Laboratories
(Gaithersburg, MD). Phosphate-buffered saline (PBS), HEPES-buffered
RPMI (HPMI), protease inhibitors, human IgG, -clasto-lactacstin
B-lactone and all other reagents were from Sigma Aldrich.

DNA constructs

The plasmid encoding FcYRIIA-GFP was constructed by cloning a cDNA
of FcyRIIA into pEGFP-N1 (Clontech) at HindIIl and Sacll sites. The
plasmid encoding FcyRIIA/SKR-GFP was constructed by overlap PCR.
Plasmid pMT123 encoding HA-ubiquitin was kindly provided by Dr
D.Bohmann (EMBL, Heidelberg).

Cell culture and transfection

ts20 and E36 cells were kindly provided by Dr A.Schwartz (Washington
University School of Medicine, St Louis, MO). ts20 cells were grown in
a-MEM at 34°C in 5% CO,. For inactivation of the E1 enzyme, cells
were incubated in this medium at 42-43°C for 1-1.75 h. Transfections
were performed with FuGene 6 (Roche Molecular Biochemicals)
according to the manufacturer’s instructions. Stable lines expressing
FcyRIIA-GFP were selected with G418 at 0.5 mg/ml.

Phagocytosis assays
SRBC:s or latex beads were used as particles for phagocytosis assays. For
most experiments, the SRBCs were fixed overnight in 4% paraformalde-
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hyde (PFA) in PBS before opsonization, a procedure that we found
empirically to result in higher levels of phagocytosis. SRBCs were
opsonized with rabbit anti-SRBC antibody (1:50 dilution) in PBS for 1 h
at 37°C, then washed in PBS; latex beads were opsonized with 3.75 mg/
ml human IgG for 1.5 h at 37°C. ts20 cells grown on glass coverslips were
overlaid with IgG-coated SRBCs (50 pl of a 10% suspension of SRBCs
added per 25 mm coverslip) or latex beads. After incubation to allow
phagocytosis (3045 min at 34-37°C), SRBCs that had not been
internalized were lysed by a brief exposure to water (for unfixed
SRBC) or particles were labeled by incubating with Cy3- or Alexa350-
anti-rabbit (1:1000 in HPMI) at 4°C (for fixed SRBCs or latex beads). For
scoring phagocytic efficiency, cells were incubated with particles for
30 min at 37°C. The phagocytic index was defined as the number of
phagosomes per 100 cells. For comparison of phagocytic efficiency of
FcyRITA-GFP versus FcyRIIA/SKR-GFP, phagocytosis was measured in
transient transfectants of ts20 cells. For quantitation of LAMP-1
acquisition, cells were incubated with fixed SRBCs for 15 min, at
which point external SRBCs were labeled with antibody, followed by a
chase at 37°C for an additional 20 min. LAMP-1 acquisition was then
scored in those phagosomes that had closed within the first 15 min.

Endocytosis assays

Human IgG was aggregated by heating at 62°C for 20 min at a
concentration of 10 mg/ml in PBS, followed by centrifugation at 16 000 g
for 10 min to remove insoluble aggregates. The supernatant was used at
1:50-1:100 dilution to induce receptor cross-linking and endocytosis, by
incubation for 40 min at 34-37°C. For quantification of endocytosis, a
modification of the protocol of Odin et al. (1991) was used. ts20 cells
growing on tissue culture dishes were incubated with 0.56 pg/ml of
mouse anti-FcyRII antibody IV.3 for 20 min at 4°C, washed, incubated
with 5 pg/ml goat anti-mouse F(ab’), at 4°C for 20 min, then warmed
rapidly to 37°C for various times. Cells were then washed, incubated for
30 min at 4°C with 3.5 pg/ml Cy5-goat anti-mouse and washed again. All
washes were with cold PBS + 1 mM CaCl,, 1 mM MgCl,. All the
incubations with antibodies were in HPMI; in some experiments, 5%
donkey serum was added as a blocking agent. For experiments comparing
endocytosis with and without pre-incubation of cells at 42°C, the cross-
linking with goat anti-mouse was performed for 30 min at 37°C without
pre-binding at 4°C, in order to minimize the time the cells spent at low
temperature. After labeling with Cy5-goat anti-mouse, cells were
detached from the plastic with PBS + 2 mM EDTA, dispersed by passing
through a 25 gauge needle and fixed with 2% PFA. Cy5 fluorescence was
analyzed by flow cytometry. The mean background fluorescence
observed when anti-FcyRIIA antibody was omitted was subtracted from
fluorescence values. The fluorescence observed when cells were
maintained at 4°C throughout the procedure was used as the reference
for no endocytosis.

Microscopy and immunofluorescence

Cells were either viewed live in HPMI with a Leica DM-IRB microscope,
or were fixed in 4% PFA, washed, mounted and analyzed by confocal
microscopy using an LSM 510 laser scanning confocal microscope
(Zeiss) with a 100X oil immersion objective. GFP and Cy3 were
examined using the standard laser excitation and filter sets. For detection
of LAMP-1 or ag-IgG, cells were fixed, washed in PBS, permeabilized in
methanol at —20°C and washed in PBS. For LAMP-1 immunofluores-
cence, cells were then blocked with 4% non-fat dry milk in PBS and
treated with anti-LAMP-1 UHI1 antiserum at a 1:1 dilution in blocking
buffer for 40 min at room temperature. Samples were then washed,
incubated with Cy3-anti-mouse antibody (1:1000 in blocking buffer) for
30 min at room temperature, washed and mounted. For detection of
ag-IgG, Cy3-anti-human antibody (1:1000 in blocking buffer) was added
directly after permeabilization.

Protein analysis

ts20 cells growing in 6-well plates were lysed by adding boiling 1% SDS
in PBS (200 pl/well). Lysates were transferred to Eppendorf tubes and
boiled for 5 min. They were then sheared by passing 10X through a
25 gauge needle, and insoluble material was precipitated by centrifuga-
tion at 16 000 g for 10 min. Supernatants were frozen until further use.
For immunoprecipitations, lysates were diluted into buffer with a final
composition of 1% Triton X-100, 0.25% deoxycholate, 0.5% SDS, 0.5%
bovine serum albumin (BSA), | mM EDTA, 20 mM NaF in PBS with
added protease inhibitors (IP buffer). Mouse anti-GFP was pre-bound to
protein G beads blocked with BSA. Diluted lysates were incubated with
these beads for 2 h at 4°C, and then the beads were washed twice with
cold IP buffer, then twice with cold PBS. For analysis, samples were
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solubilized in Laemmli’s sample buffer, resolved by SDS-PAGE and
transferred to nitrocellulose membranes. The membranes were blocked
for 1 h at room temperature in 4% non-fat dry milk, 0.1% Triton X-100,
0.01% SDS in PBS, then probed overnight at 4°C with rabbit anti-GFP
antibody (1:4000 in blocking buffer) or mouse anti-HA antibody (1:5000
in blocking buffer). Blots were then washed in 0.1% Triton X-100, 0.01%
SDS in PBS, incubated with secondary antibodies conjugated to HRP at
1:20 000 dilution in blocking buffer for 45 min, then washed again. Blots
were exposed using enhanced chemiluminescence (Amersham).
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